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The effect of salt on the binding of the antimicrobial peptide magainin to POPC lipid bilayers is studied by 40–50 ns molecular dynamics
simulations of a POPC bilayer in the presence of different concentrations of Na+ and Cl− ions, corresponding to effective concentrations of 0, 100,
150, 200, 250 and 300 millimolar NaCl, with and without a single molecule of antimicrobial peptide magainin. Simulations without magainin
showed that increasing salt concentration leads to the decrease in the area per lipid, a decrease in the head group tilt of the lipids, as well as
increased order of lipid tails, in agreement with other recent simulations. Simulations with magainin show that peptide binding to the lipids is
stronger at lower concentrations of salt. The peptides disorder the lipids in their immediate vicinity, but this effect is diminished as the salt
concentration increases. Our studies indicate that while 50 ns simulations give information on peptide hydrogen bonding and lipid tail ordering
that is insensitive to the initial peptide orientation, this run time is not sufficient to equilibrate the peptide position and orientation within the
bilayer.
© 2006 Elsevier B.V. All rights reserved.Keywords: Magainin; Molecular dynamics simulation; Salt; POPC; Antimicrobial peptide1. Introduction
Peptide–lipid interactions play an important role in various
biological processes. Of particular interest are antimicrobial
peptides (AMPs) which are short, cationic peptides that interact
with the cell membranes of bacteria [1]. The most common
model of anti-microbial action is the Shai–Matsuzaki–Huang
model [1–5], which hypothesizes that the peptides approach the
lipid bilayer of the cell membrane and interact with its surface.
At low concentrations, the peptides stay in a surface-bound
state, but at higher concentrations, they can solubilize the
bilayer to form micelles or form pores in the membrane leading
to cell death. Nevertheless, the first step in antimicrobial action
is the surface binding of the peptide to the lipid bilayers and the
cationic residues of the peptide are thought to play an important
role in this process. Experimental studies have shown that
antimicrobial activity of the AMPs is dependent on the⁎ Corresponding author.
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doi:10.1016/j.bbamem.2006.02.030concentration of salt [6,7]. Antimicrobial activity is typically
reduced at higher concentrations of salt. The interplay between
lipids, peptides and ions near lipid/water interfaces is poorly
understood.
Molecular dynamics simulation is a powerful tool that can
provide detailed information on the specific interactions
between lipids and peptides at an atomistic scale. Although
the earliest simulation studies on lipid–peptide interactions
were only able to capture events that occur under a nanosecond
[8–11], more recent studies have been able to study >100 ns
[12]. Progress is also being made in the understanding the effect
of salt on lipid bilayers using molecular dynamics simulations
[13–21]. Most studies show that cations prefer a deep binding
site in the head group region of the lipids, close to the ester
oxygens [19,20]. This leads to a complexation of the lipid
molecules with each other and a corresponding increase in the
lipid tail ordering and decrease in the average area available per
lipid. Monovalent cations bind faster and deeper than divalent
cations [19,20]. AMPs with their predominantly cationic
residues are likely to associate in a similar fashion with the
lipid head groups. Thus, in the presence of salt, the cationic
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for the same favorable sites in the lipid head group region. In
this work, we study the interactions of peptides with lipids in the
presence of salt using molecular dynamics simulations. We
hope to understand the atomistic events behind the salt-
dependent peptide activity observed experimentally [6,7]. We
choose magainin-2 for the AMP and POPC (palmitoyloleoyl-
phosphatidylcholine) for the lipid, both of which are extremely
well characterized experimentally. The salt used is NaCl.
Magainin-2 is an α-helical amphipathic peptide, with polar
residues on one helical face and hydrophobic residues on the
other. Recent simulations in the absence of salt [22] have shown
that the magainin peptides placed in the water phase close to a












S000 128 – – – 40
S100 128 12 12 – 40
S150 128 18 18 – 40
S200 128 24 24 – 40
S250 128 30 30 – 40
S300 128 36 36 – 40
P000 128 – 6 2 50
P100 128 12 18 2 50
P150 128 18 24 2 50
P200 128 24 30 2 50
P250 128 30 36 2 50
P300 128 36 42 2 502. Simulation methods
We performed a series of simulations to understand the
surface binding of magainin with POPC bilayers with six
different concentrations of NaCl (no salt, 100 mM, 150 mM,
200 mM, 250 mM and 300 mM). We used the GROMACS
simulation tool [23] with a time step of 2 fs. The force field
parameters were based on the work byBerger et al. [24]. For Na+
and Cl−, we used the default ion parameters of the GROMACS
force field which has been used in several other studies
[19,20,21,38] while being aware of the effects of different ion
parameters [39]. Periodic boundary conditions were applied in
all three dimensions. The LINCS algorithm was used to
constrain the bonds [25]. The temperature was maintained at
310K using a Berendsen thermostat at 310K [26] with a
relaxation time of 0.1 ps. We used an NPT ensemble with the
pressure coupled anisotropically to a Berendsen barostat at 1 atm
pressure with a coupling constant of 1 ps. Short range van der
Waals and Coulombic interactions are included with a cut-off
distance of 12 Å. Long range electrostatic interactions were
computed using the particle mesh Ewald summation method
[27,28]. Molecular configurations were saved every ps and used
in the subsequent analysis.
The initial structure of the POPC bilayer and the
corresponding force field parameters were downloaded from
http://moose.bio.ucalgary.ca/downloads. The structure
contained 128 POPC lipids (64 per leaflet) and 2460 water
molecules. An additional 4000 water molecules were added to
the system to make a total of ∼6500 water molecules. This was
done to ensure that the distance between the lipid bilayer and its
periodic image was large enough that there was enough room to
insert the peptides. This system, with no added salt, was
simulated for 40 ns at the conditions specified above and
labeled S000. The final configuration from this simulation was
used to generate the starting structures for the other simulations.
For the simulations with salt, five starting structures were
generated by replacing some water molecules with an equal
number of Na+ and Cl− ions, corresponding to concentrations
of approximately 100, 150, 200, 250, 300 mmol per liter of
NaCl. This corresponds to 12, 18, 24, 30 and 36 atoms of Na+
and Cl−, respectively. The ions were placed in the mostelectrostatically favorable positions in the system, using the
“genion” routine of the GROMACS toolbox. Thus, the starting
positions of the ions are not random. Subsequently, these five
structures were simulated for 40 ns each using the same
conditions as for S000. These simulations were labeled S100,
S150, S200, S250 and S300, respectively. Thus, six simulations
of POPC bilayer and water were performed for 40 ns each at
different salt concentrations.
The final configurations from these six simulations were
used as the starting configurations for the simulations with
peptides. In each case, two peptides were placed in the water
region, adjacent to the lipid head groups of each of the two
leaflets of the bilayer. This procedure has been previously used
in other studies [12,22,29]. The peptides were placed in an
orientation parallel to the lipid/water interface at approximately
∼10 Å distance from the average phosphate position of head
groups. This distance was chosen so that the peptide was close
enough to the lipid bilayer to be drawn towards it, without
initially perturbing it. The short distance also enabled the
peptide–lipid interactions to occur within a reasonably fast
simulation time. The insertion of the peptide into the preformed
bilayer/water structure was performed by following the “hole”
protocol developed by Faraldo-Gomez and coworkers [30].
Since magainin is amphipathic, the two peptides were placed
with the opposite sides facing the head group regions, i.e., one
of the peptides was placed with the cationic face towards the
bilayer, while the peptide near the other leaflet was placed with
the hydrophobic face towards the bilayer. This enabled us to
explore different starting configurations in a single simulation.
To make the system electro-neutral, 6 additional Cl− ions were
added by replacing water molecules at the most electrostatically
favorable regions in the box (to counter the +3 charge on each
magainin peptide). After a short equilibration simulation lasting
1 ns, during which time the back bone atoms of the peptides
were restrained in position, this system with 128 POPC lipids,
∼6500 water molecules, ions and two peptides was simulated
for 50 ns to explore the lipid–peptide interactions. These
simulations were labeled P000, P100, P150, P200, P250 and
P300, corresponding to the concentration of salt. Simulations
were performed on a Linux cluster. For the typical system size
(∼26,000 atoms), a single nanosecond required ∼60 h on a
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or “peptide-free-simulations” collectively refer to S000–S300
and “peptide-simulations” collectively refer to P000–P300. The
list of simulations is shown in Table 1.
3. Results
3.1. Peptide-free simulations
Our primary goal is to investigate the effect of the ionic
micro-environment on the peptide/lipid interactions. Since the
peptide-free-simulations provide a basis for comparison with
both earlier studies [14,15,17–21] and the peptide-simulations,
we briefly report some of those results. The average area per
lipid, which is the area of the simulation box in the lateral
directions of the bilayer divided by the number of lipids per
leaflet, decreases from ∼64.9 Å for the salt-free-simulation
(S000) to ∼58.8 Å for 300 mM NaCl (S300). The areas were
averaged over the last 10 ns of the simulations and the standard
errors, calculated using a block averaging procedure were∼1 Å.
These values compare well with earlier results by Bockmann et
al. [19] (∼65.5 Å for no salt and 60.8 Å for 220 mM salt). The
bilayer thickness, defined as the distance between the average
position of the phosphorus atoms of the lipids in the two
leaflets, shows an increase with increasing salt concentration,
also confirming earlier results for POPC and DMPC bilayers
[19,21]. The reduction in average area per lipid is primarily due
to the binding of the sodium ions in the lipid head group region
[13,21]. In Fig. 1, we plot the partial densities of the Na+ ions,
Cl− ions, lipid-phosphate oxygens, lipid-ester oxygens and
water oxygens as a function of bilayer normal, from simulation
S200. The densities are averaged over the last 20 ns of the
simulation. A single POPC lipid molecule is shown for
reference, highlighting the lipid-phosphate oxygen atoms,
colored in red, and the lipid-ester oxygen atoms, colored in
green. The peak of the Na+ ions in both the leaflets is
approximately the same distance from the center of the bilayer
as is that of the lipid ester-oxygens, showing deep penetrationFig. 1. The partial density plots of the ions and the various oxygen atoms. The
Na+ ions show a deep binding while the Cl− ions are present mostly in the bulk
water phase.into the lipid head group region. The asymmetry in the two
monolayers is due to the different number of Na+ ions
interacting with each of the leaflets. The other simulations
with the salt, S100, S150, S250 and S300 also show identical
trends during the last 20 ns, with deep penetration for the Na+
ions and a broad distribution of Cl− ions.
In all the peptide-free simulations, we placed the Na+ and Cl−
ions in the most electrostatically favorable positions, with some
in the water phase and others in the lipid head group region. As
the simulations progressed, we observed one of the following
sets of events for each of the Na+ ions.
(a) The ion starts bound to the head groups and stays bound
throughout the simulation.
(b) The ion starts in the water phase and stays there
throughout the simulation.
(c) At least one binding or unbinding event occurs during the
simulation.
To illustrate these different trajectories, in Fig. 2, we show
the z-coordinate (normal to the bilayer) of the trajectory of four
Na+ ions. A snapshot of the simulation cell is provided for
reference, on the right hand side. Approximately half of the top
and bottom periodic images are also shown for clarity. The
waters of the original box are colored in dark red and the waters
of the periodic images are in lighter red. The lipid tails are in
blue. Ions 1 and 2 stay bound to the lower and upper leaflets,
respectively. Ion 3 stays in the water phase through the entire
length of the simulation and ion 4 undergoes a binding and an
unbinding event. Ion 4 starts very close to the top leaflet, stays
in the water phase until ∼10 ns, then binds to the bottom leaflet
(its periodic image, in the figure), unbinds at∼20 ns and stays in
the water phase for the remaining time of the simulation. Note
that ion 3 gets close to the head group regions a few times
during the simulation (e.g., at ∼6 ns and ∼34 ns), but does not
stay bound long enough for any of those occasions to be
characterized as a binding event. We characterize all the ions in
simulations S100, S150, S200, S250 and S300 as bound,
partially bound, or unbound (in water phase). The statistics are
shown in Table 2. As one would expect, the number of bound
ions increases as the salt concentration increases. Most of the
simulations show a reasonably uniform distribution of ions
between the two leaflets, except in S100.
Bockmann and coworkers [19] showed that it takes at least
20 ns for the Na+ ions to equilibrate in the head group regions of
the lipid bilayers. We calculated the radial distribution functions
between the Na+ ions and three different oxygen groups: water
oxygens, lipid ester-oxygens and lipid phosphate-oxygens. Fig.
3 shows the radial distribution functions for simulation S200
between times 20 and 40 ns. A first peak in all three distribution
functions is observed at ∼2.3 Å and a first minimum at ∼3.2 Å.
From the cumulative radial distribution functions, we find that
there are an average of around 3 ester-oxygens and around 2
water-oxygens in the first coordination shell (<3.2 Å) for the
bound Na+ ions . On the other hand, the average unbound Na+
ion associates only with the water-oxygens and the coordination
number in this case is ∼5. These results show that the Na+ ions
Fig. 2. The trajectories of four different sodium ions during the course of simulation S200. Ions 1 and 2 stay bound to the bottom and top leaflets of the bilayer,
respectively. The third ion stays in the water phase and the fourth ion is bound to one of the leaflets part of the time. A snapshot of the simulation cell and its periodic
images are provided on the right for reference. The water molecules are colored in red.
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bind deeper into the lipid head group, leading to slower lipid
dynamics. We also observed that the lipid tail order parameter
systematically increases and the P–N tilt angle (The angle
formed by the vector connecting the phosphorus and nitrogen
atoms of the lipid head groups, with the bilayer normal)
decreases systematically as the salt concentration was increased
(details not shown), confirming earlier studies [13,19,21].
3.2. Peptide simulations
From the configurations at the end of the salt simulations, the
starting configurations for the peptide simulations were
constructed using the protocol described in Simulation methods.
The peptide simulations were then run for 50 ns each. The
primary goal of the peptide simulations was to identify the
effect of ions on the binding characteristics of the peptides to the
lipid interface. The presence of ions creates a more tightly
bound lipid structure and this is expected to affect the
interactions between the peptides and the lipid molecule.
Snapshots of the system P000 at the beginning and end of the
simulation are shown in Figs. 4a and b, respectively. There was
no salt present in this simulation, other than the counter-ions
added to neutralize the charges on the two peptides. As
mentioned earlier, we placed one magainin peptide adjacent to
the lipid head group regions of each of the bilayer leaflets. The
two peptides had different initial orientations and this enable usTable 2
Na+ ion binding characteristics in the salt simulations












S100 2 5 7 – 5 12
S150 5 4 9 3 6 18
S200 5 4 9 4 11 24
S250 7 5 12 7 11 30
S300 7 7 14 10 12 36to sample two different initial peptide configurations in a single
simulation. This assumes that the two leaflets are weakly
coupled and the peptides do not penetrate deeply into the bilayer
center, which is consistent with our observations in all of our
peptide simulations. Fig. 4a shows the starting state of the
peptides in the lipid bilayer. We depict the bilayer as gray lines,
water as blue dots, and the peptide back bone as green ribbons.
The lysine residues of the peptides are shown as blue bonds and
the hydrophobic residues of the peptide as gray spheres. The top
peptide starts with the hydrophobic residues facing the water
and the bottom peptide with the hydrophobic residues facing the
lipid head group region. At the end of the simulation, shown in
Fig. 4b, both peptides have penetrated into the lipid head group
regions, but to differing extents.
Figs. 4c and d show the density distributions of the various
lipid moieties and of the peptides during the early (averaged
over the first 5 ns) and late (averaged over the last 5 ns) stages of
the simulation. The peptide, which resides mostly in the water
phase during the early part of the simulation, penetrates deeplyFig. 3. (a) Radial distribution function of the Na+ ions with lipid–ester oxygens,
lipid–phosphate oxygens and water oxygens. The first minimum, corresponding
to the first coordination shell occurs at ∼3.2 Å.
Fig. 5. The trajectories of the z positions of the top and bottom peptides relative
to the average phosphorus z positions in three different simulations.
Fig. 4. Snapshots at the beginning (a) and the end (b) of simulation S000. The
water molecules are shown as blue dots. The peptide backbone is shown as a
green ribbon. The lysine residues are shown as blue bonds and the hydrophobic
residues as gray spheres. The peptides start at the lipid/water interface and finish
deep in the lipid head group region. The density profiles of the various moieties
are shown at the beginning (c) and end (d) of the simulation. Note that the
peptide on the left leaflet binds deeper into the head group region than does that
on the right.
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The bottom peptide, which was placed with the hydrophobic
residues facing the lipid leaflet, has inserted more deeply at the
end of the simulation than has the top peptide, which was placed
with the hydrophobic residues facing the water phase. The most
energetically favorable position for a surface-bound peptide
would be one that maximizes the contacts between its
hydrophobic residues and the lipid tail groups while exposing
the polar residues to the water phase and the lipid/water
interface. The bottom peptide starts at a configuration similar to
this and thus penetrates deeper into the lipid tail region.
We calculated the average positions of the peptides relative
to the average phosphate positions in the lipid leaflets with
which they associate. The trajectories are plotted in Fig. 5 for
three of the simulations (P000, P100 and P300). In this figure, a
positive value corresponds to a position that is outward (i.e.,
towards the water) relative to the average phosphate position of
the lipid leaflet. Thus, a negative value corresponds to a deeply
inserted position for the peptide. We observe that the insertion
of the peptides of simulation P000 (salt-free) is the deepest,
whereas the insertion of the peptides in simulation P300 is the
shallowest. Also, in all three subfigures the bottom peptides,
with the hydrophobic face towards the bilayer, inserts deeper
into the lipid leaflet than does the top peptide. Similar trends
were seen for the three simulations that are not shown here(P150, P200 and P250). This suggests that in the time scale of
the simulations: a) the peptides with the hydrophobic side
facing the lipids bind deeper into the lipid head group region
than do those with the hydrophobic face away from the lipids
and b) peptides bind deeper at lower concentrations of salt.
In Fig. 6, we show the secondary structure profile of the top
and bottom peptides from the simulation P100. Antimicrobial
peptides, being highly amphipathic, are usually unstable in
water. All peptides in our simulations start adjacent to the lipid
head groups, but in a predominantly hydrophilic water
environment. Then, the peptides bind (quickly, or slowly,
depending on the simulation, as seen in Fig. 5) to the lipid head
groups. Short simulations of a magainin peptide in a water bath
show a quick loss of secondary structure (data not shown).
Thus, if a stable α-helical structure is retained throughout the
course of the simulation, this indicates that it resides in an
energetically favorable position in the water/lipid interface for
the α-helical form of the peptide. In Fig. 6, the bottom peptide is
helical for almost the entire duration of the simulation while the
top peptide loses its helicity over many residues. This was also
found to be true for all the other peptide simulations, with the
bottom peptide more helical than the corresponding top peptide,
irrespective of the depth of insertion. This further confirms the
hypothesis that the most energetically favorable position for the
peptide is in the lipid/water interface, with the hydrophobic
residues facing the tails. Further evidence is shown in Figs. 6c
and d, where the root mean square fluctuations of all the
residues in the top and bottom peptides are plotted over the last
25 ns of the simulations. For both the top and bottom peptides,
the terminal residues show more fluctuations than the internal
residues, as is to be expected. However, the top peptides show
much larger overall fluctuations (∼2 Å to 3 Å) when compared
to the bottom peptides (∼1 Å). Thus, it is clear that the bottom
peptides have more stable secondary structures and favorable
conformations than those at top, which have their hydrophobic
faces towards the water phase.
As the peptides bind to the lipid head group region, favorable
hydrogen bonds between the lipid acceptor sites and the peptide
donor groups form increasingly over the course of the
Fig. 6. (a and b) The secondary structure profiles of the (a) top (b) bottom peptides of simulation P100. (c and d) The root mean square fluctuations (rmsf) of all (c) top
and (d) bottom peptides.
Fig. 7. The number of peptide–lipid hydrogen bonds and peptide–water
hydrogen bonds as a function of time in P000.
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the polar side-chain residues, primarily the lysines. The peptide
backbone atoms also contain hydrogen-bond acceptors, but
these are not significant donors. We observe persistent hydrogen
bond formation between the peptides and lipids. A hydrogen
bond is said to exist if the donor–acceptor distance is <2.5 Å
and the donor–hydrogen…acceptor hydrogen bond forms an
angle >145°. This is a criterion that has been used by other
authors [13]. The top peptides, which start with the polar
residues facing the lipids, have their side-chain donor atoms
closer to the lipid head groups at the beginning of the simulation
than do the bottom peptides. Thus, the top peptides form
hydrogen bonds with the lipid atoms fairly quickly and, while
these hydrogen bonds break and re-form repeatedly, there is a
persistently high number of them throughout the simulation.
The bottom peptides, which insert deeper into the lipid bilayer,
start forming hydrogen bonds with the lipids later than do the
corresponding top peptides. Fig. 7 shows the number of
Fig. 8. Lipid tail order parameters of the palmitoyl chains for the peptide-
associating and non-associating lipids in some of the simulations.
Fig. 9. (a) Phosphorus–phosphorus radial distribution functions for the
associating and non-associating lipids of P000 and all lipids of S000. (b) The
same for P250 and S250.
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and bottom peptides of P000. It is clear that as time progresses,
the number of peptide–lipid hydrogen bonds increases,
indicating stronger binding with time and a decreasing number
of peptide–water hydrogen bonds, corresponding to a slight
desolvation of the peptides. Similar trends are observed in the
other peptide simulations. However, the total number of
peptide–lipid bonds is fewer at higher salt concentrations.
In the peptide-free simulations, we observed a systematic
increase in lipid tail order parameter as the ion concentration
increased. However, no significant differences were evident in
order parameters between the lipids that were bound to Na+
ions and those that were not bound. However, in almost all the
peptide simulations, we observe clear differences in the order
parameters between the lipids that are associated with the
peptide and lipids those are not. Any lipid molecule that is
closer than 15 Å to any of the backbone atoms of the peptide
molecule at any point in the simulation is classified as an
“associating lipid”. All the other lipids in the leaflet are
classified as “non-associating.” This distance-based classifica-
tion yielded approximately equal numbers of associating and
non-associating lipids per leaflet in most of the simulations. In
simulations where the binding was not deep, e.g., P300, the
number of associating lipids was lower. Nevertheless, this
classification yielded enough lipids in both associating and non-associating categories in both leaflets of each simulation to
generate reliable statistics. Plotted in Fig. 8 are the order
parameters for the palmitoyl tails of the associated and non-
associated lipids, averaged over the last 25 ns, in simulations
P000, P100 and P200. The top peptides are shown on the left
and the bottom-peptides on the right. Each subfigure also shows
the order parameters (averaged over the last 20 ns) for the
corresponding peptide-free simulation. In all six sub-figures the
associated lipids show significantly more disorder than the non-
associated lipids. This is also true of the simulations that are not
shown here, except for one leaflet of simulation P250, which
showed insignificant differences. It is also clear that the
associating lipids of the peptide simulations are more disordered
than the lipids of the peptide-free simulations. A similar trend is
also observed for the oleoyl chains (data not shown).
These data indicate that a peptide molecule induces disorder
in the lipids that are in its immediate vicinity. This seems to be
true for all the simulations, irrespective of the extent of binding
or the nature of the binding interactions (top vs. bottom
peptides). However, the specific manner in which the lipid
bilayer head group region is affected is complicated and is
different for each binding simulation. To illustrate this, in Fig. 9,
we plot the phosphorus–phosphorus radial distribution function
for the different lipids. In a peptide-free case, one would expect
a fairly uniform distribution of lipids and a correspondingly
simple radial distribution function. This is shown for S000 and
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∼0.5 nm and a second peak at ∼0.88 nm, which is fairly similar
to those of the non-associating lipids in the peptide-containing
systems. However, the associating lipids in the peptide-
containing systems show a much more complicated distribution
of phosphorus atoms. We observe multiple peaks,
corresponding to a very disrupted lipid bilayer. The associated
lipids of P250 show a bifurcated first peak, but an otherwise less
disrupted structure than in P000. Thus the peptide–lipid
interactions are fairly complicated and dependent on a variety
of factors.
Based on the stability of the secondary structure of the
peptides in Fig. 6, and the depth of insertion in Fig. 5, we
suggested earlier that the peptides are more stable when their
hydrophobic residues interact with the lipid tails and the
hydrophilic groups interact with the water phase, and that this
occurs to a greater extent when the peptides insert more deeply,
as they do in the absence of salt. However, merely tracking the
center of mass of the peptide relative to the interface could give
a misleading picture if the peptide orientation changes
drastically during the course of the simulation (although we
don't observe such drastic changes in any of our simulations). In
an attempt to measure peptide insertion in a more quantitatively
rigorous manner, we define the “number of hydrophobic
contacts”, to be simply the number of instances in which an
atom from the lipid-tail and an atom from the peptide–
hydrophobic residue lie within a distance of 6 Å at any given
time. Leucines, isoleucines, alanines and phenylalanines are
considered to be the hydrophobic residues of the peptide. The
distance of 6 Å was arbitrarily chosen, but we varied it from 5 Å
to 10 Å and found similar trends in all cases. A more deeply
inserted peptide will have a higher number of lipid–peptide
hydrophobic contacts, approaching an equilibrium number. Fig.
10 shows the number of lipid–peptide hydrophobic contacts as
a function of time for the bottom peptides of four different
simulations. These values are plotted as running averages over
100 ps to reduce noise. Since the peptide is initially far away
from the tails, the number of hydrophobic contacts between
them is initially zero for all cases. As time progresses, theFig. 10. The number of peptide–lipid hydrophobic contacts as a function of time
for the bottom peptides of some of the simulations.number of lipid–peptide hydrophobic contacts increases. We
can see that P250 and P200 show apparent equilibrium for the
last ∼30 ns of the simulation. P100, which has a higher number
of lipid–peptide hydrophobic contacts than do P200 or 250
during the last half of the simulation, also shows an apparent
equilibrium for the last 20 ns of the simulation. P000, on the
other hand, seems not to have equilibrated and shows a
monotonous increase in the number of such contacts. From the
trends in Fig. 10, the equilibrium value of lipid–peptide
hydrophobic contacts for P000 is likely to be higher than that of
P100. P300, which is not shown here, has negligible number of
these contacts throughout the simulation. P150 shows a value
similar to that of P200. This further validates the observation
that the peptide–lipid binding interactions are less significant in
the presence of ions.
4. Discussion
We have studied systematically the effect of monovalent
ions (Na+ and Cl−) on the bilayer structure and on the binding
of amphipathic cationic peptides to lipids. We observed that at
a fixed pressure of 1 atm, the area available per lipid decreases
as the salt concentration increases from 0 to 300 mM. We
observe a deep binding of Na+ ions into the lipid head group
region, with an equilibrium coordination number of ∼3 with
the lipid ester oxygens and a coordination number of ∼2 with
water oxygens. This result confirms earlier results from
simulations of Pandit et al. [13,14] for DPPC and mixed
DPPC/DPPS lipids, from long simulations of POPC bilayers
by Böckmann et al. [19] and from simulations of pure POPS
bilayers by Mukhopadhyay et al. [16]. Although the serine
head groups are structurally different than choline head
groups, the deep binding of the sodium ions with the glycerol
esters in both cases seem to suggest that such equilibrium
binding behavior is expected for most phospholipids irrespec-
tive of the head group architectures. However, Sachs et al.
[18] do not observe a deep binding of the Na+ ions in their
simulations of POPC bilayers in the presence of different
types of ions. The reasons might be twofold. The timescale of
their simulations is shorter (∼5 ns) and this clearly is not
sufficient for attaining equilibrium as shown from our study
and the even longer (100 ns) simulation by Böckmann et al.
[19]. Other possible reasons are the different force field and
ensemble used. The study by Sachs et al. used a CHARMM-
based force field in a constant lateral area ensemble whereas
our study used a GROMOS-based forced field with a constant
pressure ensemble. Longer timescale simulations using the
CHARMM force field and an NPT ensemble should shed light
on this discrepancy.
The simulations of Shepherd et al., [29] show that the
addition of either of two short cationic peptides, MB21 or
dermaseptin-S3, leads to a drastic increase in available head
group area per lipid. During a 30 ns simulation of these
peptides in a POPC bilayer, at peptide/lipid ratios identical to
ours, they observed that the average available area per lipid
increases from ∼65 Å2/lipid to greater than 80 Å2/lipid. In
their work, such drastic changes in available area per lipid
1282 S.K. Kandasamy, R.G. Larson / Biochimica et Biophysica Acta 1758 (2006) 1274–1284were concurrent with drastic increases in lipid tail disorder as
the simulation progressed. In our work, we observed a
significant change in lipid tail order of those lipids that were
closely associated with the peptides. However, the lipids far
away from the binding peptides showed increased order, thus
effectively rendering the total lateral area of the lipid bilayer
rather constant throughout the simulation. In our work, we
simulate a fairly small peptide/lipid ratio (1:64). Moreover, our
results show that at higher concentrations of salt, the peptide
binding to the lipid bilayer becomes fairly weak. Thus, at high
salt, the rather limited overall disturbance of the lipid bilayer
due to the presence of peptide is not surprising. We also note
that position-dependent lipid disordering, similar to what we
see, has also been observed by Bachar and Becker [11] for
trans-membrane peptides and by Zemel et al. [31] for surface-
bound amphipathic peptides.
We observed persistent hydrogen bonding between the
lipids and the peptides, irrespective of the degree of insertion
into the lipid bilayer. At all salt concentrations, nearly three
fourths of all the hydrogen bonds formed by the lipids are due
to the acceptor sites of the phosphate moiety and the rest due
to the acceptor oxygens of the glycerol ester group. This
bonding preference is primarily due to the easier accessibility
of the phosphate groups to the hydrogen bond donor groups.
The ester sites are both deeper and hence less accessible and
also present in the less flexible part of the lipid molecules. Na+
ions affect hydrogen-bonding patterns by associating with
potential hydrogen-bonding acceptor sites. The Na+ ions
penetrate deeply into the bilayer, associating with the lipid
glycerol ester oxygens, and there is negligible association with
the phosphate-oxygens of the lipids. Hence, the peptide-free
simulations show that some of the ester oxygen sites are
unavailable due to the coordination with the sodium ions and
this also occurs when peptide is present. The combination of
these factors leads to many more peptide–phosphate hydrogen
bonds than peptide–ester bonds. Another important observa-
tion is that peptide–lipid hydrogen bonding is not influenced
by the position of the peptide relative to the interface; i.e.,
during the late stages of the simulation P000, both the top
peptide, which is not as deeply inserted, and the bottom-
peptide, which is relatively deeply inserted, form roughly
equal numbers of hydrogen bonds. This is mainly due to the
sheer number of acceptor sites provided by the lipids, which
can easily satisfy the available peptide donor sites even for
peptides that have only shallow insertion. Moreover, the
peptide can adapt to conformations favorable for hydrogen
bonding by subtle changes in secondary structure. Also, the
deeply inserted peptides can still access the lipid acceptor sites
by the ability of the long side chain lysines to “snorkel” out of
the hydrophobic regions of the lipids. We also attempted to
calculate the relative impact of the salt and peptide on the lipid
head group tilt angles, but it is extremely difficult to decouple
the effects of the peptide and the salt on the lipids due to the
small system size and the fact that the peptide-simulations are
not very well equilibrated even after 50 ns of simulations.
Here, we have studied a simplified model of the surface
binding behavior of anti-microbial peptides. In vivo, thepeptides are present in a disordered state until they approach
the interface. The folding of the peptide occurs at the interface
by the phenomenon known as partitioning–folding-coupling
[32,33]. Although in the timescales accessible to current
computers, the partitioning–folding problem cannot be
directly addressed, replica exchange molecular dynamics has
been used recently [34,35]. The importance of explicit ions in
the studies of the folding of proteins in water has been
conclusively demonstrated [36,37]; simulations without ions
do not lead to the correctly folded final structure. Similar
effects might arise in peptide–lipid interactions. Our study is a
simple first step in addressing some of those issues. Analysis
of the various parameters such as the depth of insertion and
the number of hydrophobic contacts suggests that the peptide
binds better to the lipids in a micro-environment that is devoid
of ions. Spatial inhomogeneity of ion distributions can lead to
favorable interactions. Although we did not elaborate earlier,
we in fact observed that the peptides in simulation P250
showed deeper binding than those in simulation P200. On its
face, this is a counter-intuitive trend. However, closer
observation reveals that due to a slightly non-uniform spatial
distribution of ions and the rather random initial placement of
peptides near the lipids at the beginning of the simulation, the
peptides in simulation P250 happen to associate with lipids
that have little contact with Na+ ions. While on average, the
lipids in P250 have more bound sodium ions than does P200,
due to the small system size, the associating lipids of P250 in
fact have fewer bound Na+ ions than does P200. This
presumably leads to weaker binding of the peptide to the lipids
in P200 (when compared to P250) and is a probable source of
the observed inconsistencies. Unearthing the source of such
discrepancies is usually difficult and it illustrates the
importance of systematic studies (in this case, a wide range
of ion concentrations).
Our work suggests that the energetically preferred peptide
orientation is one in which the hydrophobic residues face the tail
region and the polar residues face the water/lipid interface. Our
results also suggest that the peptide binds better (deeper) to the
lipid in a micro-environment with less salt. Higher salt
concentration has been demonstrated to reduce the available
head group area for the lipids, leading to tighter packing of the
lipids. This might indicate that peptide partitioning/folding
occurs in regions of the lipid bilayer with low salt concentra-
tions. However, this cannot be tested using molecular dynamics
simulations over timescales of only 10 to 100 ns. Longer
simulations will be needed to sort out this issue. In the current
work, we observe the peptide move from the water phase to the
lipid/water interface, to varying extents, during the 50 ns
simulation. The deepest insertion was achieved by the bottom
peptide in P000.
5. Conclusions
40 ns simulations of a POPC bilayer in the presence of
monovalent ions showed that the average area available per
head group of the lipid decreased systematically as the salt
concentration increased from 0 to 300 millimolar. This was
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lipid ester oxygens, leading to compaction of the lipids,
reduction in the average head group tilt angle, and increased
order of the lipid tails. The binding of magainin peptides to
POPC bilayers in the presence of different concentrations of
ions show that the peptide binding is stronger at lower
concentrations of salt. The closer packing of the lipids in the
presence of salt leads to less destabilization of the bilayer by
the peptides. The peptides destabilize the lipid bilayer in their
immediate vicinity, leading to high disorder of the lipid tail
atoms. Our studies show that the peptide orientation and
degree of insertion are probably not equilibrated in the
timescale of the simulations, and that longer runs will be
required to obtain full equilibration of these degrees of
freedom. Nevertheless, our simulations using different starting
orientations of the peptide (with either hydrophobic or
hydrophilic residues initially facing the lipid bilayer), indicate
that the degree of hydrogen bonding, ion binding, and lipid
tail disordering do approach steady-state, presumably equili-
brated, values within the time scale of these simulations.
Comparison of these predictions of simulations with experi-
mental measurements would be very worthwhile.
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